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ABSTRACT

Over the last eight years we have been developing advanced MRF tools and techniques to manufacture meter-scale
optics for use in Megajoule class laser systems. These systems call for optics having unique characteristics that can
complicate their fabrication using conventional polishing methods. First, exposure to the high-power nanosecond and
sub-nanosecond pulsed laser environment in the infrared (>27 J/cm? at 1053 nm), visible (>18 J/cm? at 527 nm), and
ultraviolet (>10 J/cm? at 351 nm) demands ultra-precise control of optical figure and finish to avoid intensity modulation
and scatter that can result in damage to the optics chain or system hardware. Second, the optics must be super-polished
and virtually free of surface and subsurface flaws that can limit optic lifetime through laser-induced damage initiation
and growth at the flaw sites, particularly at 351 nm. Lastly, ultra-precise optics for beam conditioning are required to
control laser beam quality. These optics contain customized surface topographical structures that cannot be made using
traditional fabrication processes. In this review, we will present the development and implementation of large-aperture
MRF tools and techniques specifically designed to meet the demanding optical performance challenges required in large-
aperture high-power laser systems. In particular, we will discuss the advances made by using MRF technology to expose
and remove surface and subsurface flaws in optics during final polishing to yield optics with improve laser damage
resistance, the novel application of MRF deterministic polishing to imprint complex topographical information and
wavefront correction patterns onto optical surfaces, and our efforts to advance the technology to manufacture large-
aperture damage resistant optics.

Keywords: Optical finishing, computer numerical control, magnetorheological finishing, KDP, MRF, nonaqueous MR
fluids, carbonyl iron, magnetorheological fluids, continuous phase plates, subsurface damage

1. INTRODUCTION

High-powered laser systems utilized for inertial confinement fusion research, such as the National Ignition Facility (NIF)
at Lawrence Livermore National Laboratory (LLNL), Laser MegaJoule (CEA) near Bordeaux, France, and OMEGA at
the Laboratory for Laser Energetics require large-aperture optics (430 x 430 mm and larger) whose performance
specifications present unique manufacturing challenges that call for advanced finishing techniques and processes. One of
the challenges for inertial confinement fusion (ICF) experiments in these systems is the requirement for different laser
beam shapes at the target plane to get the desired pressure and temperature profiles needed to initiate fusion. In addition
to the different laser beam shapes needed, precise characterization and control of the laser beam illumination at the target
plane is essential to ensure uniformity in energy and momentum transfer to the target. Large-aperture continuous phase



plates (CPPs) with ultra-precise surface topography were designed to meet this challenge; however, a manufacturing
method was not available to fabricate the optics with high efficiency and laser damage resistance (IR, visible, and UV).
These laser systems also require large-aperture optics such as lenses and windows that need to perform with enhanced
laser damage resistance, particularly in the UV. In many cases, these optics are subjected to an environment where
temporal UV laser pulses of about 3-nsec with average fluences of 8 J/cm? and peak fluences between 12 and 15 J/cm?
are used. To operate effectively and reliably, the optics not only have to be manufactured with precise optical figure and
finish, they also have to be free of bulk and surface artifacts to reduce the risk of laser-induced damage in this hostile
environment. To meet these challenges, new optical fabrication tools, diagnostic tools, and manufacturing processes had
to be designed and developed.

Since 2002, LLNL has focused on developing and deploying Magnetorheological Finishing (MRF) tools and techniques
to meet NIF’s needs for advanced optics. In this paper, we will present an overview of the development and
implementation of large-aperture MRF tools and techniques specifically designed to meet the demanding optical
performance challenges required in large-aperture high-power laser systems. In particular, we will address the advances
made in MRF technology as they pertain to: 1) the manufacture of large-aperture CPPs using advanced MRF
deterministic polishing techniques that imprint complex topographical information and wavefront correction patterns
onto optical surfaces, 2) the exposure and removal of surface and subsurface flaws in optics during final polishing using
MREF to yield optics with improved laser damage resistance, 3) the use of MRF as a diagnostic tool in the measurement
and characterization of surface and near surface damage present in the various processing steps used to fabricate high-
performance optics, and 4) the development of novel MRF tools and processes to polish extremely hard, extremely soft,
single-crystal, polycrystalline, or water-soluble optical materials that serve as critical optical components in high-power
laser systems. The details of the work performed in each of these areas can be found in the references provided. Those
who are interested in pursuing additional information on the subjects are encouraged to refer to these papers.

2. LARGE-APERTURE CPP IMPRINTING

High-powered laser systems utilized for inertial confinement fusion research require precise characterization and control
of the laser beam illumination at the target plane. A major portion of this work centers upon developing and engaging
state-of-the-art technology to set the stage for creating nuclear fusion in a laboratory setting. Continuous phase plates
(CPPs) form the vital and enabling portion of the optics chain used in these kilojoule- and megajoule-class laser systems
because they make it possible to manipulate and control laser beam-shapes, energy distributions, and wavefront
profiles*?34°%7  This prescribed beam characteristic control is made possible via manipulation of the incoming
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Introduction of a CPP into the optics chain that is specifically designed to yield the required far-field spot size and
intensity uniformity in the focal plane solves the
problem.

As CPPs fall into the category of diffractive optics, we
take advantage of the apparent bending of light waves
in response to small topographical changes on an
optical surface. CPPs are made by imprinting a
continuously varying phase profile onto an optical
surface, as shown in Figure 2. These topographical
changes are computer generated to achieve the
required energy contours. This near-field topography is
the key to enabling detailed control of the laser beam
characteristics at the focal plane at high power. It can
be designed to convert a square or circular laser beam

Figure 2: Continuously varying topographical CPP pattern with an
8.6 pum peak-to-valley imprinted onto a 430 x 430 x 10 mm fused footprint to an elliptical or circular spot of prescribed
silica substrate using MRF. lateral dimensions. Other spot shapes, such as triangles,
squares and closed polygons, are also possible. This continuously varying surface topography perturbs the incoming
laser beam wavefront before, or after, passing through the final focusing element to yield a beam footprint at the focal
plane with the desired characteristics.

MRF offers a direct approach for imprinting smooth topographical features onto optics without the use of lithographic
masks or master plates. It is an advanced optical finishing process combining interferometry, precision equipment, and
computer control. It utilizes a sub-aperture polishing tool, or removal function, generated by the interaction of a
magnetic field and an iron-based MR fluid containing microscopic abrasive particles such as ceria or nano-diamonds.
MRF is a deterministic polishing technique because the
polishing tool effectively doesnt change. Because the
removal function is interferometrically characterized and
highly stable, the system can efficiently deliver high
precision parts. Other advantages are that the polishing
tool is easily adjusted, and conforms perfectly to the
optical surface, enabling topographical polishing.

Prescribed Surface Imprinted Surface

Initial Surface

Difference (Imprint— Model)

As imprinting of surface topography onto an optical
surface such as that required for CPP’s is a non-traditional
application of this technology, we needed to understand
the details of the relationship between removal functions
and imprint fidelity," as illustrated in Figure 3.
Development work in MRF CPP imprinting feasibility
shows that the efficiency of the MRF process is directly
tied to, and limited by, the removal function width. The

Figure 3: Example and comparison of an experimental

removal function’s width essentially limits the bandwidth
of the surface topography due to Nyquist critical sampling
issues. The removal function contains a band of Nyquist
critical sampling frequencies between its narrowest and
widest footprint dimensions. As spatial periods decrease,
wider portions of the removal function become ineffective

sinusoidal profile with the modeled profile for MRF imprinting
conducted using a 2.8-mm removal function. (top-left) modeled
surface, (top-right) Experimental surface topography, (bottom-
left) the optical surface before MRF imprinting, and (bottom-
right) difference between the experimental and modeled surface.
The rms of the difference between the experimental and the
model topographies is 12 nm illustrating the fidelity of the

and lead to longer polishing times and greater material process.
removal due to collateral polishing and topographical erasure.

Several developments and observations were made during the diagnostic studies that lead to a process that could be used
to imprint CPP’s. First, imprinting should utilize a multi-pass MRF approach to obtain the desired topographical fidelity.
Each pass should incorporate a different removal function size that maximizes material removal over the topographical
frequencies being imprinted. Larger removal functions need to be used early in the fabrication process and small
removal functions need to be used to perform final topographical correction. In-process interferometry should be an



integral part of the process to optimize phasefront corrections. Superposition should be used during imprinting to provide
for prescription simplification and process breakpoints necessary for testing.

MREF’s deterministic polishing capability, wide array of available removal functions, and close interplay with
interferometry enable imprinting of a diffractive phase structure that varies continuously across the whole beam aperture
with no sharp discontinuities or phase anomalies. Material removal rates ranging between 0.025 - 1 mm® per minute can
produce an imprinted optic in 50-75 hours. The technology is capable of, and routinely produces, highly precise
topographical profiles with errors of better than 30 nm rms over the optic aperture that yields highly efficiency plates (>
99 percent) whose characteristics are precisely defined. Optical surface finish is also maintained at better than 4.0
Angstroms rms roughness.

Table 1: Examples of CPP performance parameters versus

Specification | Measured

' ’ "
i @ i O t © specification for large-aperture CPPs manufactured using
MRF

e e 50-degree outer cone implosion CPP

= f 80% Encircled Energy Radius (um) 421.0 +15.0 421.8
90% Encircled Energy Radius (um) 472.0 +15.0 476.2

95% Encircled Energy Radius (um) 515.0 + 15.0 520.8

Individual Lineout RMS (%) 5.0 4.2
= - - 2D RMS over Central Area (%) 5.0 45
i o 50% Ellipticity (a =451.2, b =252.4) 056+0.1 0.56

7 "\ { 4 " F \*"‘p\:f‘ﬂ,\?‘x

il 23-degree inner cone implosion CPP

,““ : “\ “ ‘C \ 80% Encircled Energy Radius (um) 594.0 + 15.0 592.3
[ f A | 90% Encircled Energy Radius (um) 652.0 + 15.0 651.2

95% Encircled Energy Radius (um) 696.0 + 15.0 696.2

Figure 4: Examples of large-aperture CPPs manufactured and Individual Lineout RMS (%) 7.0 59

tested at LLNL. Left: 50-degree outer cone implosion CPP, 2D RMS over Central Area (%) 5.0 4.7

ellipticity of 0.56. Center: 23-degree inner cone implosion CPP, 50% Ellipticity (a=451.2,b =2524) | 088+0.1 088

ellipticity of 0.88. Right: 2-mm far-field spot illuminator CPP, 3-mm Tar-field spot iluminator CPP

ellipticity of 1.00. 80% Encircled Energy Radius (um) | 860.0+15.0 | 860.0

90% Encircled Energy Radius (um) 923.0 + 15.0 925.4

95% Encircled Energy Radius (um) 976.0 + 15.0 977.1

Individual Lineout RMS (%) 6.5 5.6

Figure 4 and Table 1 show the far-field characteristics for three 2D RMS over Ceniral Area (%) 5E =7

different CPP types that have been designed and tested at 5o, Effipticity (a = 451.2, b = 252.4) | 1.02 + 0.1 102

LLNL. Twenty unique CPP designs have been manufactured
and tested to date.

Imprinting large-aperture CPPs requires specialized MRF
instruments capable of imprinting topographies on large-
aperture optics. An integral part of our efforts for making
CPPs a reality involves a large-aperture MRF tool, as
illustrated in Figure 5. This machine, the world’s largest and
most precise MRF, is used to perform final finishing on CPP
substrates and to imprint the necessary topography to
manufacture a CPP. The large-aperture MRF system uses two
wheels for efficiency and precision, one large (370 mm
diameter) and the other small (50 mm diameter), with
optimized computer algorithms that together provide a greatly
increased range of finishing options and range of
topographical feature sizes that can be imprinted. The MRF
process provides for a high level of versatility and speed in
CPP manufacture as topographical polishing can be
conducted by combining computer generated CPP and/or
interferometric profiles with large MRF volumetric removal  Figure 5: Large-aperture Q22-750P2 MRF system uses two
wheels, one large and one small, to imprint topographical
features down to spatial periods of 1 mm. This machine can
polish optics up to 750 x 1000 mm.




rates (~1 mm*/min). Additionally, the process seamlessly fits into the advanced manufacturing process technology for
production of large-aperture optical components possessing high-ultraviolet damage resistance.”® Today, we have 5
large-aperture MRF tools to perform large-aperture CPP imprinting and have fabricated over 350 CPP imprints for NIF
and other high-power laser systems.

3. LASER RESISTANT LARGE-APERTURE OPTICS

Laser-induced damage initiation on fused silica optics can limit the lifetime of the components when used in high-power
UV laser environments. For example, in inertial confinement fusion research applications, the optics can be exposed to
temporal UV laser pulses of about 3 ns with average fluences of 8 J/icm? and peak fluences between 12 and 15 J/cm?.
Laser-induced damage initiation and growth plays a key role in determining the operational lifetime and change-out rates
for these optics. For large-aperture optics, optimization of UV damage performance is particularly important due to the
surface area of the optic exposed to laser beam irradiation. The requirements necessary to minimize surface and
subsurface damage on large optics used in megajoule-class laser systems, therefore, present unique manufacturing
challenges that call for advanced finishing techniques and processes.

Blank surface Damage initiation on fused silica optics in high fluence
A A Depth = 3-9 times prior abrasive diameter . - .
T ] [ UV laser environments can arise from various
ond manufacturing flaws and handling processes used
f"f;];;;;,j:,’,j,,dnﬁ:d v e during_ optic fabricgtion. Improper ha_n(_jl_ing and
____________ mm-—oioid_gnd polish - Finel surisce cleanliness of the optics can cause damage initiation by
lass N ¥ e — - . - -
““““““““““““““ A introducing contaminants onto the optical surfaces.
\) / Hyaratea Such contaminants can absorb energy and initiate
2 "'} damage upon laser beam exposure. Similarly, the

i,\ [Hetum 17 /, conventional polishing process itself can lead to the

——" /,-f formation of damage sites.>****? Such damage sites

N e result from both surface and subsurface mechanical

T damage that is inherent to the high normal loads

associated with conventional lap polishing as illustrated

Figure 6: Schematic representation of an optical manufacturing in Figure 6. In addition to the mechanical damage itself,

process showing the changes in surface and subsurface damage from gch surface and subsurface cracks can serve as sites

gritr.‘di”.g Lhrtougr_n pg"shit”hg F:fﬂceistﬁtelgsb Thet_darr:jagf;e :hreShc;k:_ of that can trap optically absorbing species, such as iron,
optics is determine e tail of the fabrication defect population : . - .

pEesent on the complet)(/ad optic. Material removal must bepsb)fficient ceria, a_nd other_ cqntamlnants, Wh'ch are typlcal!y

present in the polishing process. While improvement in

to eliminate subsurface damage originating from previous figuring A . . o
and finishing operations. damage initiation density can be realized by utilizing

zirconia-based polishing slurries®, conventional lap
polishing inevitably results in both surface and
subsurface mechanical damage due to the high
normal loads present from the weight of the optic on
the lap bed. Because of this, the subsurface damage
layer persists regardless of how careful one is in
controlling the process. Similar effects are observed
with other types of conventional finishing such as
small tool polishing.

Inclusion free blanks

Conventional opticgrinding

and polishing

MRF

——=— ¢ i
=~ ——  polishinglayer

Bulk material

!

finishing
In 2002, we introduced an advanced finishing
process illustrated in Figure 7, that exhibited superior

processing
damage performance of fused silica at 351 nm.®2*

Ihe ProCcess USSS MRF fl_nal finishing on hlgh_—pu_rlty Figure 7: Recipe for MRF process to improve laser damage resistance.

inclusion-free” fused silica substrates to attain final 1he general approach is to eliminate subsurface damage and near
figure and superior damage performance once syrface contamination using MRF and post-processing such that the
combined with HF acid etching to remove MRF surface and near surface “look” like bulk material.




related contaminants such as iron and ceria. MRF*

16,17,18,19,20,21 ;

is an advanced polishing technique that can finish optics

without propagating the subsurface damage layer. The technique also removes preexisting subsurface damage under the
correct conditions. The removal of subsurface damage using MRF can be attributed to the small normal stress applied to
the glass surface compared to large shear stress which is created by the interaction of the tool’s magnetic field and the
MR fluid through the converging gap between the optic and tool’s pole faces.

Conv. Finish

1000

=
o
o

Damage sites over 230 cm?
=
o

Fluence (J/cm?2 at 355 nm, 3nsec)

Figure 8: Comparison of damage test results for conventionally
finished optics with and without MRF final polishing. MRF final
polishing, when combined with appropriate post-processing,
significantly reduces the damage sensitivity for high-fluence UV
laser light.

From the cosmetic point-of-view, both edge-lit full aperture

Large-area damage tests conducted on optics finished
with and without MRF final polishing show that MRF,
when combined with appropriate post-processing,
significantly reduces the damage sensitivity for high-
fluence UV laser light as illustrated in Figure 8. This is
true regardless of the quality of the original conventional
finishing. MRF can successfully remove subsurface
damage and the contaminants contained therein leaving a
high quality surface with little to no subsurface pits and
cracks that could interact with the laser beam to induce
damage. Even though MRF is successful at removing
subsurface damage, the final MRF polish generates a new
polishing layer containing MR fluid components at levels
that are sufficient to promote damage. The MRF-induced
polishing layer can be successfully removed via etching
to yield superior performance. This is in contrast to the
subsurface layer generated by conventional polishing
which contains debris and a large number of pits and
cracks which lead to a high probability for retention of
optically absorbing species that can initiate damage when
irradiated at high fluence.

inspection and dark-field microscopy of the etched parts

show that MRF finishing results in a dramatic reduction in subsurface damage when compared to that present on
conventionally polished parts as illustrated in Figure 9. The large number of scatter sites and “chatter” on the

Subsurface damage in
high quality
conventional polishing

10d um

Edge litimage of 14 cm
optic before MRF
material removal

Figure 9: MRF polishing®®

shown in both dark-field microscopy and edge-lit damage maps

Subsurface damage
after MRF

100 pm

MRF process
T

Edge litimage of the

same optic after MRF

material removal and
HF etching

results in a dramatic reduction in subsurface damage compared to conventional polishing as

before and after MRF polishing and etching. Subsequent

laser damage testing to 14 J/cm? (351 nm, 3 ns equivalent) resulted in elimination of laser initiation sites.



conventionally lapped optical surfaces indicates that the subsurface damage layer is significant in spite of care taken to
manage the damage during polishing. It also shows that the large number of sites lead to a high probability for retention
of absorbing species that can initiate damage when irradiated at high fluence. In contrast, the etched MRF polished
optical surfaces show a near absence of subsurface damage that explains the large improvement observed in damage
performance when compared to the best performing conventionally polished optics.

With the development and fielding of the large-aperture MRF tools, production process development and vendor
technology transfer geared at manufacturing large-aperture damage resistant optics was approached to optimize the
specific processes needed to ensure highest
quality finished parts. The main goal here is to
develop a manufacturing process for large-
aperture thin (10-15 mm thick) fused silica optics
capable of operating at 351-nm laser fluences up
to 14 J/cm? This manufacturing process is
designed around a detailed knowledge of
subsurface damage arising from each process step
in the manufacturing line.”*%?*% During the
development phase of this effort, subsurface
damage was measured for each of the process
steps, including cleaning, handling, grinding, and
polishing, using MRF wedge techniques.* ]
Different process machine parameters, coolants, © ‘ ‘ ‘ ‘
abrasive types, and pads were analyzed, selected, 0 s 10 15
and optimized to take advantage of high material Fluence (Jlom? at 355 nm, 3 nsec)

removal rates with minimum or manageable

subsurface damage. Once the subsurface damage Figure 10: Laser damage test results for large-aperture thin fused silica
characteristics were obtained for each step, optips a_md imprinted CPPs illustrate the success of optimizing optical
minimum material removal requirements were put fabrication processes and advanced MRF protocols.

into place on subsequent steps to completely

remove subsurface damage from previous steps. (refer to Figure 6). Additional material removal beyond the minimum
implemented in each step enabled us to build in safety factors to ensure obtaining a finished optic with minimal or no
subsurface damage. MRF final figuring and HF acid etching form part of this fabrication process. The damage test
results of several large-aperture optics, main debris shields, CPP substrates, imprinted CCPs, and diffractive grating
substrates, tested during this development effort are shown in Figure 10. Continued improvement in damage
performance was observed over the development effort with the final process demonstration tests showing the greatest
improvement at laser fluences of 12 J/cm? and greater. The goal of less than 50 growing sites per optic at 14 J/cm? was
exceeded during production development and numerous demonstrations yielded optics having less than 8 sites. The
improvement is directly attributed to optimizations made to the manufacturing process as a result of understanding and
eliminating/managing subsurface damage at each step.
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4. MRF AS ATOOL TO MEASURE AND UNDERSTAND DAMAGE

Management of fractures and subsurface mechanical damage (SSD) from processes used during optic fabrication plays a
vital function in determining the final quality of an optic’s surface finish. Brittle grinding processes induce fractures at,
or near, an optical surface whose range can extend from depths of a few pum to hundreds of um. These process-induced
or process-related fractures not only determine the current state of the optic in the fabrication process, they dictate how
much material needs to be removed during subsequent steps®?*. The nature and extent of this damage also determines
what manufacturing methods will need to be used to ultimately yield a completed optic having a superior surface finish.
On the manufacturing floor, lack of knowledge or an insufficient understanding of process-induced fractures all too often
leads to insufficient material removal during intermediate fabrication steps. This can result in occurrence of fractures and
imperfections in the final optic, can cause the optic to have to be taken backwards in the manufacturing process for
rework, or can add time to subsequent fabrication steps, particularly polishing, that reduces productivity and increases



costs. From a functional perspective, fractures and SSD ultimately limit the performance of the optic under high stress
conditions including high pressure, vacuum, large thermal gradients, and intense laser light. This is particularly
important on optics containing flaws that have been hidden beneath a layer of re-deposited and modified material
(usually weakly-structured hydrated material). In this situation, buried SSD can pose a serious problem because of its
interaction with the optic’s surroundings and sources of activation such as short-wavelength, high-intensity

monochromatic light.

Significant advances have been made in developing diagnostic techniques that combine MRF and scanning optical
microscopy to statistically measure and characterize SSD in optical materials. The method is called the MRF Wedge

Finishing MRF
op.mnon taper Microsc opa ==

4%@

Microscoplc '
characterization

Characteristics of diagnostic MRF

Diagnostic does not impart SSD

* Deterministic process : —
Damage density
statistics

Depth

¢ Taper need not be linear: user can select
the shape and depth best suited for P
desired statistics

* Can be used over areas much larger than
in earlier diagnostics yielding a critical
improvement in statistics

Technique. The technique is deterministic, making it
easily controllable in removing a prescribed amount of
material from an optical surface. Moreover, it is
reproducible and can be applied repeatedly to a high
degree of precision with depth and form control to better
than 20 nm.?>?* MRF polishing has also been shown to
expose and remove fractures without adding or
propagating SSD.?* This makes it possible for one to
evaluate a fabrication step without having to worry
about collateral damage from sample preparation or
measurement. The MRF Wedge Technique can be
applied to large areas on the optic surface that enables
one to obtain statistical information on the

Figure 11: Schematic flow of MRF Wedge Technique used to
measure fracture network distributions in optical surfaces. Prepared
specimens are wedged polished using the MRF and then analyzed

characteristics of fracture and flaw networks. The
method is designed to be used on parts that have been
through the same fabrication conditions as parts being

using an automated microscope.

produced in a manufacturing line. It also gives
information regarding the profile of the fractures

moving from the surface into the bulk in addition to the maximum depth of damage in an optic that is at a particular

point in the fabrication process.

The basic concept behind the MRF Wedge Technique is
to precisely polish a wedge into the surface of an optic
to reveal the fracture network or imperfections present
as a function of lateral distance along the wedge. The
lateral distance is associated with the depth of the
artifacts through knowledge of the wedge contour. This
essentially provides information on the fracture
distribution present as a function of depth by spreading
the distribution laterally along the wedged surface. The
MRF Wedge Technique consists of three steps shown in
Figure 11. The first step involves obtaining optic
specimens representing the manufacturing process
needing to be characterized. These specimens can be
obtained in a variety of ways. They can be drawn from a
specific step of a manufacturing process, such as a
particular grinding or polishing operation, as actual
work pieces, by using surrogate samples processed in
the same manner as production pieces, or they can be
cut from actual production work pieces. As an example,
process-related SSD data obtained using the MRF
Wedge Technique shows quantitatively how SSD varies
with abrasive size and type for different types of loose
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Figure 12: Measured fracture depth distributions for fused silica
surfaces that have been treated by a wide variety of grinding
processes. With this knowledge, fabrication procedures can be
defined and optimized to manage SSD for each step required in an
optical fabrication process.

and fixed abrasive grinding processes as shown in Figure 12. The technique yields direct observation of the fracture
depth and length distributions present in various common grinding processes and has been shown to be a valuable tool



when used to study the details of fracture networks and imperfections in optical materials. The measurements conducted
on the various grinding processes point out that the fracture networks are unique to each process and cannot be estimated
with certainty given “general optical shop rules”. The MRF Wedge Technique enables one to characterize each step in
the fabrication process and to design and optimize process steps which may lead to more cost effective processes and
higher quality optics.

Our experience in conventional finishing suggests that every process used to fabricate an optic imparts some level of
damage at, or near, the surface. Detailed knowledge of the required material removal at each step is a necessary
condition to avoiding damage propagation into subsequent process steps or damage “pile up” in a finished optic from
processes early in the fabrication protocol. This knowledge needs to cover the entire fabrication process from blank to
finished optic.

5. NOVEL MATERIAL POLISHING PROCESSES

Extremely hard, extremely soft, single-crystal, polycrystalline, or water-soluble optical materials play a significant role
as critical optical components in lasers systems requiring high power. Use of these materials, however, presents unique
challenges to the optical finishing processes required to meet stringent performance specifications. For example, a
single-crystal material such as titanium doped sapphire (Ti:sapphire) has become the premier material for solid-state
femtosecond high-peak power laser systems because of its wide bandwidth wavelength tuning range. With a tunable
range from 680 to 1100 nm, peaking at 800 nm, Ti:sapphire lasing crystals can easily be tuned to the required pump
wavelength and provide very high pump brightness due to
their good beam quality and high output power of
typically several watts. Extension to higher energies is
limited by the size of the crystal lasing medium. Yields of
high-quality large-diameter crystals have been constrained
by lattice distortions and striations that may appear in the
boule limiting the usable area from which high quality
optics can be harvested.®® These imperfections manifest
themselves as localized refractive index changes in the
crystal’s interior that deteriorate its transmitted wavefront
quality even though the surfaces are made extremely flat.

Figure 13: Left-105 mm diameter x 46 mm thick Ti:sapphire

optic manufactured from a 150 mm crystal boule. Right-
transmitted wavefront interferogram showing lattice distortion
that can appear in sapphire and Ti:sapphire crystals. Peak-to-
valley of 179 nm, rms 29.9 nm.

Distortions can vary from about 0.3-5 mm in width as
shown in the transmitted wavefront in Figure 13. This
distortion is large enough to disrupt the quality of a laser
beam, which can cause damage to optics downstream in a

laser system, and for short pulse systems can lead to
incomplete compression and poor ability to focus the laser beam. As a result, any laser optic of Ti:sapphire that has these
types of lattice distortions is less desirable for applications that require superior transmission characteristics and beam
quality. To make matters even more complicated, Ti:sapphire is extremely hard (Mohs hardness of 9 with diamond being
10) which makes it extremely difficult to accurately polish using conventional methods Wlthout subsurface damage or
significant wavefront error. 14

In the area of soft materials and water soluble materials,
Ytterbium-doped strontium fluoroapatite (Yb:S-FAP)
and potassium dihydrogen phosphate (KDP) single
crystals are specialty optics that find use in high-power
laser systems as laser light amplifying media (Yb:S-
FAP)?% and frequency conversion and polarization
switching media (KDP)®. Both of these crystals are
extremely difficult to grow in large sizes because of the
introduction of contaminants and internal lattice
imperfections that affect material performance and

Figure 14: YDb:S-FAP crystals can contain grain boundaries that
will disrupt the transmitted wavefront. Left: 40 X 60 mm crystal.
Right: Transmitted wavefront interferogram of crystal showing
mid-frequency grain boundaries.



optical wavefront characteristics as shown in Figure 14. It is difficult to polish high-aspect ratio parts made from these
materials with conventional pitch-lapping techniques. They are both very soft (Mohs hardness of 2.5) and flexible,
temperature sensitive, prone to fracture, and scratch easily. KDP has further complication in that it is extremely water
soluble (33g per 100 ml) thus requiring nonaqueous polishing media. Single-point diamond turning (SPDT) is
considered state-of-the-art for KDP finishing.*® This process is capable of producing 44 cm flat plates for use in large
laser systems. SPDT is done while showering mineral oil over the optic. This provides lubricity for cutting and
temperature control. The oil is removed from the KDP surface with toluene or xylene.

Magnetorheological finishing (MRF) techniques have been developed as a proven method for compensating for slowly-
varying long-scale length (10-50 mm) lattice distortions and refractive index variations in glass and crystalline materials
to provide for low transmitted wavefront distortion in plano-optics.> In particular, MRF has made a significant
contribution in compensating for low angle grain
boundaries in  Yh:S-FAP [Yb3+:Sr5(P0O4)3F] and
Ti:sapphire crystals. Commercial MRF capabilities only
compensate for long spatial period phase distortions of 3
mm or greater. We have developed MRF techniques to
compensate for the sub-millimeter lattice distortions of
sapphire and Ti:sapphire crystals to improve the
transmitted wavefront.*® Our efforts in this area involve
developing expertise and MRF equipment capabilities to
correct for shorter period phase distortions and discrete
inhomogeneities that can be applied in a unique manner

After MRF correction

Before MRF polishing

Figure 15: High quality Ti:sapphire. Left-transmitted wavefront of
a lattice distortion that can appear in sapphire and Ti:sapphire
crystals. Peak-to-valley of 179 nm, rms 29.9 nm. Right-
transmitted wavefront after MRF shows a 3.8x improvement in
Peak-to-valley (47.3 nm) and 3.7x improvement in rms (9.0 nm).

to both glass and crystalline materials. MRF machine
improvements involve novel topographical gradient
fitting routines, polishing protocols, and specialized
operating conditions that can deterministically correct
discrete optical errors in the sub-millimeter range to
improve the transmitted wavefront quality. Central to this

development is the design and introduction of fiducialized MRF fixtures which accurately locate interferometric features
at an absolute location in the optical plane, interferometric manipulation algorithms to relate fiducial locations to

interferogram locations, enhanced fiducial camera system
components that link fixtures and fiducials to within 3 um
relative to MRF machine position, and the implementation
of small and precisely controlled MRF removal functions.
These improvements make it is possible to achieve low
transmitted wavefronts in Ti:sapphire and sapphire crystals
as illustrated by comparing the interferograms in Figure 15
where the process resulted in marked wavefront
improvement of 3.8 times in peak-to-valley and 3.7 times in
rms.

Another example showing how improvements in
interferometric and MRF tool positional control can lead to
enabling technological breakthroughs is shown in Figure 16.
Here, advanced MRF techniques are used to correct for
long-scale localized transmitted wavefront error in Yb:S-
FAP crystals used as laser amplifying media in the
MERCURY laser system. During early system
development, these amplifiers were fabricated by diffusion
bonding two half-size crystals together to form a single
amplifier of sufficient size. After bonding and conventional
polishing, the amplifiers exhibited a low refractive index
around the bond line which made them unusable as they
could not be corrected by conventional polishing processes.
This optical error was due to an imperfection existing in the
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Figure 16: MRF imprinting technology applied to improve
transmitted wavefront on a diffusion bonded Yb:S-FAP crystal
amplifier. Note that long-scale bond line optical error has been
eliminated revealing mid-frequency grain boundaries as the
major optic error source.



crystal’s bulk, or interior. The MRF polishing protocol developed is used to correct for the low refractive index error in
the crystal by MRF polishing the inverse of the optical artifact into one of the optical surfaces to yield an amplifier with
wavefront properties sufficient to be used in the laser system. The outcome in this area has far reaching consequences: 1)
the technology can be used to correct optics that would otherwise be unusable because they cannot be corrected using
conventional processes, and, 2) the technology improvements can be applied for use in successfully fabricating optics
from currently deficient materials where size restrictions or material quality impacts optic fabrication to the desired end.

Today, KDP crystals are finished using SPDT tools and nonaqueous lubricants/coolants. KDP optics fabricated using
SPDT, however, are limited to surface corrections due to tool/method characteristics with surface quality driven by
microroughness from machine pitch, speed, force, and diamond tool character. Though highly successful, SPDT can
only be used to produce a flat surface on each of the KDP optical faces which results in having to select a crystal blank
having bulk homogeneity properties adequate for production of an acceptable final optic. Moreover, one essentially has
to live with the bulk crystal inhomogeneities that are present in the final optic and the resulting wavefront. The SPDT
process is also only capable of yielding surfaces with 1.0- to 3.0-nm rms roughness which leads to an optical surface
finish performance disadvantage when compared to other optic types where 0.2-0.5 nm rms roughness is typical.
Mounting fixture and SPDT tool marks can also be problematic in these optics particularly when used in high laser
fluence applications since they comprise a set of surfaces flaws that can damage and limits the optic’s usable life.
Advanced MRF technology can offer a new and novel means of finishing water-soluble crystals such as KDP with
optical properties superior to what is available today. MRF polishing offers a means to circumvent many of these issues
since it is deterministic which makes the technique practical for surface and transmitted wavefront correction, is low
force, and is temperature independent. What is lacking is a usable nonaqueous MR fluid that is chemically and
physically compatible with KDP which can be used for polishing and subsequently cleaned from the optical surface.

We have developed a nonaqueous MR fluid that shows promise for final finishing of large-aperture KDP.*** The
components of the MR fluid include a nonaqueous carrier liquid, carbonyl iron spheres, a stabilizer, and a chemical
buffer. Successful polishing of KDP crystal surfaces using MRF techniques requires a specifically tailored nonagueous
MR fluid compatible with both the magnetically active environment and the physical and chemical properties peculiar to
KDP. Particular attention must be paid to several characteristics to make MRF polishing possible. These characteristics
include: 1) carrier liquid type, 2) fluid stabilizer compatibility, 3) intentional or environmental water content, 4) carrier
liquid content, and 5) MR fluid pH. Compatible nonaqueous carrier liquids that form the basis of these fluids must be
able to support dissolved KDP and/or water to keep the KDP removed from the crystal surface during polishing from re-
depositing back onto the crystal surface. Appropriate stabilizers must be used in the fluids to protect the carbonyl iron
and the KDP crystal from reactions leading to fluid instability and particle agglomeration that produce poor surface
finish from artifacts such as polishing-induced scratches and digs. The fluid must also be maintained between pH values
of 6.5-9.0 to eliminate surface oxidation, particle
agglomeration, and uncontrollable KDP dissolution via acid-
base reaction where significant quantities of PO, are
produced. Nonaqueous MR fluid performance can be
optimized to produce mid-Angstrom level microroughness
on KDP surfaces by adjusting the carrier liquid content.

Before MRF polishing After MRF polishing
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Surface interferograms from MRF polishing tests on KDP
specimens using the developed nonaqueous MR fluid are
presented in Figure 17. The interferograms on the left show
the incoming surface figure resulting from SPDT, one with a
large peak-to-valley (P-V) of 1.02 um and the other with a
small P-V of 0.327 um. The small spots within the
interferogram apertures are from non-uniform tape adhesion
on the rear surfaces of the KDP crystals. Vinyl protective
tape is used on the rear surface to eliminate reflection from
this surface in the surface interferogram. After single pass
Figure 17: Surface interferograms of KDP samples before and MRF polishing of the KDP crystal surfaces, the surface
after MRF polishing using nonaqueous MR fluids. Single pass  figure is improved by about 5 times, to 0.21 mm P-V and
MRF polishing improved surface figure by 5 times in both 68 mm P-V. This result is typical of the surface figure
cases. improvements made on a per pass basis using deterministic

0.327 umP-V (A/1.9)




MRF polishing. Overall, the success of these polishing tests combined with the improvements in surface roughness made
2.72 nm rms (SPDT) reduced to 0.65 nm rms. (MRF) shows promise for using MRF as a technique to final finish KDP
crystals with improved optical figure and finish.

6. SUMMARY

Over the last eight years, the evolution and success of MRF technological developments in machine and process
applications has driven its success in large-aperture optic fabrication. Megajoule-class laser systems requiring high-
quality ultra-precision optics take advantage of this cutting-edge technology to meet the stringent requirements needed
for reliable performance in the demanding high-power operational environment. The precision and deterministic nature
of MRF polishing has proven to be the enabling factor in the manufacture of ultra-precise high-fidelity CPP fused silica
optics needed for laser beam conditioning and quality in these large-aperture laser systems. The developments made in
this area have also been applied to correct optic error in other optical materials, such as crystals, that would otherwise
make the optics unusable because they cannot be corrected using conventional processes. MRF’s unique material
removal mechanism also makes it possible to expose and remove surface and subsurface flaws in optics during final
polishing to yield optics with superior UV laser damage resistance. This feature plays a key role in determining the
operational lifetime and change-out rates for large-aperture optics due to the surface area exposed to laser beam
irradiation and the need to have optics free of manufacturing and handling surface artifacts. MRF has also found a place
as a tool for use in assessing and developing optic manufacturing processes by enabling one to measure and characterize
damage present and attributable to specific manufacturing steps. Every process used to fabricate an optic imparts some
level of damage at, or near, the surface. Detailed knowledge of the required material removal at each step is a necessary
condition to avoiding damage propagation into subsequent process steps or damage “pile up” in a finished optic from
processes early in the fabrication protocol. This knowledge needs to cover the entire fabrication process from blank to
finished optic. Overall, MRF has proven to be a viable finishing process technology to enable and optimize performance
in high-power laser systems and optical devices, and it will continue to evolve as more optical fabrication challenges and
requirements are encountered in state-of-the-art applications.
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